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Abstract 
7KHFKDOOHQJHVRIKDUPRQLFDQGWUDQVLHQWPHDVXUHPHQWVLQZLQGIDUPVDUHGHVFULEHGLQWKLVSDSHU,WLV
shown that appropriate measurements of harmonic and transient phenomena in offshore wind farms are 
HVVHQWLDO IRU GDWD DQDO\VLV DQG PRGHO FUHDWLRQYDOLGDWLRQ RI FRPSRQHQWV RU VXEV\VWHPV The GPS 
synchronization, HOHFWURPDJQHWLF FRPSDWLELOLW\ EMC) and interference (EMI) challenges during the 
development, construction, testing and installation of a measurement system for multi-point, high-speed 
and long-WHUPGDWDORJJLQJLVGHVFULEHGLQWKLVSDSHU7KHSUHVHQWHGPHDVXUHPHQWV\VWHPZDVWHVWHGLQD
URXJKRIIVKRUHHQYLURQPHQWDW$YHG¡UH+ROPHDQG*XQIleet Sands offshore wind farms. 
7KHSDSHUZLOOGHVFULEHWKHDSSOLFDWLRQRIGPS technology in synchronised measurements carried out 
DW $YHG¡UH +ROPH DQG *XQIOHHW 6DQGV ZLQG IDUPV Different aspects of software development and 
hardware configuration in order to optimise measurement system´s UHOLDELOLW\ GXULQJ RIIVKRUH
PHDVXUHPHQWV ZLOO EH SUHVHQWHG $OVR UHDO-OLIH H[DPSOHV RI UHVXOWV IURP ERWK RIIVKRUH PHDVXUHPHQW
FDPSDLJQVZLOOEHGHVFULEHG6RPHOLPLWDWLRQVLPSURYHPHQWVDQGUHVXOWVRIWKHPHDVXUHPHQWV\VWHPZLOO
EH H[SODLQHG IURP ERWK KDrmonic and transient measurements. 7KH SDSHU FOHDUO\ SUHVHQWV SRVVLEOH
HOHFWURPDJQHWLF LQWHUIHUHQFH LQ ZLQG WXUELQHV WKDW FDQ DIIHFW PHDVXUHPHQWV $OVR WKH DSSOLFDWLRQ RI
DSSURSULDWHPLWLJDWLRQWHFKQLTXHVVXFKDVGDWDDFTXLVLWLRQERDUGFRQILJXUDWLRQFRD[LDOFDEOHOHDGLQJDV
well as usage of EMC-SURRIER[HVIRUKLJKIUHTXHQF\PHDVXUHPHQWVLVGHVFULEHG 
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1. Introduction 
Accurate measurements of harmonic and transient phenomena in offshore wind farms (OWFs) are 
HVVHQWLDOIRUGDWDDQDO\VLVDQGPRGHOFUHDWLRQYDOLGDWLRQRIFRPSRQHQWVRUVXEV\VWHPV$IWHUZDUGVWKHVH
PRGHOV FDQ EH XVHG LQ VLPXODWLRQ WRROV GXULQJ WKH GHYHORSPHQW RI RIIVKRUH ZLQG IDUPV Due to the 
importance of measurements it was decided to perform long term measurement of harmonic emission and 
high-speed measurements of switching transients in OWFs >1@. ,Q RUGHU WR REVHUYH WKH KDUPRQLF DQG
transients in the collection grid without any PLVOHDGLQJGLVWXUEDQFHVDJUHDWGHDORIHIIRUWZDVWDNHQWR
PDNHWKHPHDVXUHPHQWVDVDFFXUDWHDVSRVVLEOH 
7KHPHDVXUHPHQW V\VWHP GHYHORSHG KHUH ZDV GHVLJQHG WDNLQJ LQWR DFFRXQW WKH VSHFLDO DSSOLFDWLRQ
requirements and environment of OWFV +HUH WKH DFFHss is limited due to weather conditions and 
VLJQLILFDQW RSHUDWLRQDO FRVWV KHQFH D UREXVW DQG WUXVWIXO PHDVXUHPHQW V\VWHP LV LPSRUWDQW The 
V\QFKURQL]DWLRQRIPHDVXUHPHQWVHOHFWURPDJQHWLFFRPSDWLELOLW\EMC) and electromagnetic interference 
(EMI) are impoUWDQWDVSHFW WDNHQ LQWRFRQVLGHUDWLRQGXULQJ WKHGHVLJQRI WKHPHDVXUHPHQWV\VWHP7KH
V\QFKURQL]DWLRQRIPHDVXUHPHQWV\VWHPVLQGLIIHUHQWORFDWLRQVLVDFULWLFDODVSHFWWDNHQLQWRDFFRXQWLQWKH
GHYHORSPHQW SURFHVV RI D IOH[LEOH PHDVXUHPHQWV V\VWHP IRU KDrmonic and transient measurements in 
OWFs. 
7KHUHFRUGHGPHDVXUHPHQWVLQ$YHG¡UH+ROPHAVV) and Gunfleet Sands (GFSZLOOEHXVHGIRUWZR
ongoing PhD
VDVZHOODVIXWXUH5	'SURMHFWVDW'ONG Energy. 
2. EMC in offshore wind farms 
In general, EMI could occur during harmonic and transient measurements, if there is a transfer of 
electromagnetic energy from a source, through a coupling path to a receptor. The EMI source in a wind 
WXUELQH (WT) DQGWUDQVIRUPHUSODWIRUPFRXOGEHWKHPDLQ N9SRZHUFLUFXLWDQGWKHEMI receptor could 
EHWKHPHDVXUHPHQWHTXLSPHQW 
For the harmonic measurements in a WTWKHSRZHUFRQYHUWHULVWKHPRVWOLNHO\VRXUFHRIEMI. On the 
RWKHUKDQGIRUWKHWUDQVLHQWPHDVXUHPHQWVWKHVZLWFKLQJRSHUDWLRQVRIDYDFXXPFLUFXLWEUHDNHUVCB) 
generate fast transient overvoltages that could induce voltage in the measurement equipment. These two 
SRVVLEOHVRXUFHVRIEMI KDGWREHFRQVLGHUHGIRUWKHGHYHORSPHQWRIWKHPHDVXUHPHQWV\VWHP 
2.1. EMI during harmonic measurements 
7KHPRVW OLNHO\ VFHQDULR IRU LQFRPSDWLELOLW\RFFXUVZKHQ D UHODWLYHO\KLJKSRZHUFLUFXLW LHSRZHU
FRQYHUWHU LV ORFDWHG QHDU D YHU\ VHQVLWLYH UHFHSWRU HJ VHQVRUV FDEOHVPHDVXULQJ KHDG XQLW >2@, >@. 
This is a reality in the switch-mode high power density converters commonly used in modern wind 
WXUELQHVWKDWDUHSRWHQWLDOJHQHUDWRUVRIEMI due to the switching action of the converter  
The switching action generates a spectrum of the switching frequency and its harmonics. The main 
noise sources of switching frequency harmonics are the switched currents and the commutating diode. 
7KLVQRLVHLVDFRPELQDWLRQRIWKHVZLWFKLQJIUHTXHQF\DQGLWVDVVociated rise time (approximately 100 ns) 
DQGWXUQRQVSLNHVFDXVHGE\WKHGLRGHUHFRYHU\FXUUHQW7KLVUHFRYHU\FXUUHQWVSLNHRFFXUVDWWKHHQGRI
DGLRGHFRQGXFWLRQF\FOHZKHQUHYHUVHYROWDJHLVMXVWDSSOLHGE\WKHWUDQVLVWRU>2@. 
2.2. EMI during transient measurements 
During the switching operations of a gas insulated switchgear (GIS), fast transient overvoltages are 
generated. These transient overvoltages produce multiple transient fields, which could induce currents on 
WKHPHWDOOLFVKHHWRIPHDVXULQJFDEOHV>4@. These transient currents, could develop voltages on the central 
FRQGXFWRURIWKHPHDVXULQJFDEOHYLDWUDQVIHULPSHGDQFHDQGE\DPHFKDQLVPRIWhe pigtail coupling >5@. 
5HFHQWZRUNKDVEHHQGRQHRQFDOFXODWLRQRIWUDQVLHQWVLQGXFHGRQFRQWUROFDEOHVLQGIS >6@, and air 
LVRODWHG VXEVWDWLRQV DW  N9 >7@ +RZHYHU QR ZRUN KDV EHHQ GRQH UHJDUGLQJMV VCB with metal 
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HQFORVXUHZKHUHWKHVZLWFKLQJGHYLFHDQGEXVEDUVDUHFRQWDLQHGLQDVWDLQOHVVVWHHOWDQNILOOHGZLWK6F6. 
7KHVHDUHW\SLFDOVZLWFKJHDUFXELFOHVXVHGLQOWFVGXHWRLWVEUHDNLQJFXUUHQWUDWLQJVFRPSDFWQHVVDQG
PDLQWDLQDELOLW\ 
7KHUHDVRQEHKLQGWKHODFNRIUHVHDUFKLQWKLVDUHDLVWKDWGXHWRWKHVHYHUDOPHWDOHQFORVXUHVQREMI 
is expected outside of the VZLWFKJHDUFXELFOH+HQFHQR LQWHUIHUHQFHZDVH[SHFWHGGXULQJWKH WUDQVLHQW
PHDVXUHPHQWV VLQFH WKH VZLWFKJHDU FXELFOH DQG the EMC ER[where the measurement equipment was 
installed, remained closed during the measurements. 
3. Avedøre Holme and Gunfleet Sands Wind Farms 
AVV and GFS OWFs are two OWFVSDUWO\RZQHGE\'ONG Energy where the measurements system 
was installed. The WTVXVHGRQERWKOWFVDUH6LHPHQV:LQG7XUELQH6WT- Once the measurement 
V\VWHPZDVSURYHQWREHUHOLDEOHXQGHURIIVKRUHFRQGLWLRQVfor short term and long term measurements in 
AVV, the system was installed in GFS. 
In the WTs in AVV and GFS, the LV YROWDJH DQG FXUUHQW SUREHV ZHUH LQVWDOOHG LQ WKH DX[LOLDU\
VZLWFKERDUGZKLOHWKHMV YROWDJHDQGFXUUHQWSUREHVZHUHLQVWDOOHGLQWKHWUDQVIRUPHUVLGHRIWKHVCB. 
The measuring locations within the collection grid of GFS ZHUHWKHWUDQVIRUPHUSODWIRUPWKHILUVWWXUELQH
RIDUDGLDODQGWKHODVWWXUELQHRIDUDGLDO7KHMV voltage and current in the transformer platform were 
LQVWDOOHGLQWKHFDEOHVLGHRIWKHVCB of the radial. The LV and MV voltage and current measurements 
within the WTs in GFS, were the same as the ones in AVV.  
3.1. Wind farms description 
AVV OWF in the south of Copenhagen is D VKDUHG SURMHFW EHWZHHQ'ONG (QHUJ\ DQG+YLGRYUH
9LQGP¡OOHODXJ $6 $ ORFDWLRQ VR FORVH WR VKRUH DQG HDV\ DFFHVVLELOLW\ WR WKH RIIVKRUHWTs via a 
IRRWEULGJHLVWKHEDVLFLGHDEHKLQGWKHSURMHFW7KLVJLYHV'ONG Energy a unique opportunity to test and 
try out new WT FRQFHSWVEHIRUHWKH\DUHLPSOHPHQWHGLQODUJHVFDOHOWFs. 
GFS OWF is located on the east cost of the 8. DQG FRQVLVWV RI WZRSKDVHV RQHZLWKWTs and 
DQRWKHUZLWK  WXUELQHV7KHWTV DUH FRQQHFWHG LQ ³URZV´ E\  N9 VXEPDULQH FDEOHV (DFK SDir of 
URZVLVWKHQFRQQHFWHGE\RQH³URRW´FDEOHDQGODWHULQWKHVXEVWDWLRQWRDMV EXVEDUYLDDVCB. Two 
SDUN WUDQVIRUPHUV  09$  N9 DUH SODFHG LQ WKH center of the wind farm in the offshore 
VXEVWDWLRQ)URPWKHVXEVWDWLRQWKHHOHFWULFLW\LV transmitted to shore via a 8.5 NPORQJVXEPDULQHFDEOH
ZKLFKFRQQHFWVWRWKH&ODFWRQVXEVWDWLRQDW&RRNV*UHHQVHHFig. 1). 
3.2. Wind turbine description 
The SWT--107 and SWT--DUHYDULDEOH-speed WTs utilizing full scale frequency converters. 
The frequency converter system comprises two AC/DC converters and a DC-OLQNGHFRXSOLQJWKHYDULDEOH-
frequency generator and the grid frequency. There is a transformer to step-up the voltage on each of WTs. 
The WT transformer is connected with a VCB to the MV QHWZRUN 
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Fig. 1  Gunfleet Sands OffshoUH:LQG)DUPORFDWHGRQWKHHDVWFRVWRIWKH8.FORVHWR&ODFWRQRQ6HD. 
4. Methods 
All measurement set-XSV IDFH VRPH OHYHORIHUURUGXH WR V\VWHPDWLF ELDVDQG UDQGRP QRLVHHUURU
sources. By appropriate design of the system, sensor selection, sensor LQVWDOODWLRQVHQVRUFDOLEUDWLRQGDWD
acquisition (DAQ FDOLEUDWLRQ DQG DQ DFFXUDWH V\QFKURQL]DWLRQERDUG WKH V\VWHPDWLF DQG UDQGRPHUURU
FDQEHVLJQLILFDQWO\UHGXFHG0RUHRYHU LQRUGHU WR UHGXFHHOHFWURPDJQHWLF LQWHUIHUHQFHEMI) from the 
power system to the measurement system, a custom made EMC ER[ZDVGHVLJQHGDVZHOODVVRSKLVWLFDWHG
shielding solutions. 
4.1. 6\QFKURQL]DWLRQ board 
Specially designed EMC-SURRI ER[HVZHUH HTXLSSHGZLWK FRROLQJ V\VWHP LQ RUGHU WR NHHS FRQVWDQW
DPELHQW WHPSHUDWXUH ,I WKH DPELHQW WHPSHUDWXUHGLIIHUV IURP WKH FDOLEUDWLRQ WHPSHUDWXUHE\PRUH WKDQ
±5°C the temperature compensated crystal oscillator (TCXO ZLOO EH DIIHFWHG E\ GULIW DQG LQWURGXFH
additional synchronization uncertainties. 
4.2. Software development 
In software development it is of special importance to implement synchronization support in the 
HDVLHVW ZD\ DV SRVVLEOH ,Q FDVH RI WUDQVLHQW PHDVXUHPHQWV V\QFKURQL]DWLRQ GHOD\V DIIHFWHG E\ WKH
software layer can affect the whole measurement process. It was decided that the measurement software 
ZLOO VWDUW DFFRUGLQJ WR WKH WLPH UHIHUHQFH REWDLQHG IURP WLPLQJ DQG V\QFKURQL]DWLRQ ERDUG $ WLPH
UHIHUHQFHLVDQH[WHUQDOVRXUFHRIWLPHVWDPSWKDWSURYLGHVSHULRGLFWLPHXSGDWHV,WLVSRVVLEOHWRSURYLGH
time reference from GPS satellites, IEEE 1588 masters, or IRIG-B sources. As mentioned earlier each of 
the sources provides periodic time updates. In case of GPS VDWHOOLWHVEURDGFDVWWKHFXUUHQWWLPHRQFHSHU
VHFRQGRQWKHVHFRQG¶VERXQGDU\7KHV\QFKURQL]DWLRQERDUGKDVWKHRVFLOODWRUFORFNDFFXUDF\RI ppm 
which provides accurate time reference every second (PPS). 
In order to configure the driver on the software layer in the simplest and most efficient way a linear 
structure was used. It was done in the following way: 
x ,QLWLDOL]HGULYHULQLWLDOL]HVDVHVVLRQWRWKHWLPLQJDQGV\QFKURQL]DWLRQERDUGZKLFKLVWKHILUVW
UHTXLUHGVWHSEHIRUHDQ\I/O operation (e.JGLJLWDOWULJJHULQJRQWKHKDUGZDUHOHYHOFDQEHSHUIRUPHG 
x (QDEOHWULJJHUWKHWLPLQJDQGV\QFKURQL]DWLRQERDUGLVUHDG\WRVWDUWWLPHVWDPSLQJRQWKHVSHFLILHG
input terminal (i.e. triggering on the hardware level). Any trigger that occurs on the specified input 
terminal with the specified active edge is time stamped. 
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x Read trigger timestamp: the oldest, non-read time stamp associated with the specified terminal is 
returned. 
x 'LVDEOHWLPHVWDPSWULJJHUGLVDEOHVWLPHVWDPSLQJRQWKHVSHFLILHGWHUPLQDO 
x Close driver: VWRSVDOORQJRLQJRSHUDWLRQVDVVRFLDWHGZLWKWKHVHVVLRQDQGDOOWKHUHVRXUFHVFDQEHXVHG
later is needed. 
4.3. 6\QFKURQL]DWLRQ uncertainties 
Used for offshore measurement purposes receivers provide a 1 pps on-time pulse. The GPS receiver is 
limited to using SPS WKHXQFHUWDLQW\ LVGHILQHGE\WKHWRSURZLQ7DEOH1. It shows that there is a 50 % 
SUREDELOLW\WKDWDJLYHQRQ-WLPHSXOVHIURP*36ZLOOEHZLWKLQ ns of UTC. 7KHıXQFHUWDLQW\RI
GPS (~68 SUREDELOLW\LV QVDQGWKHıXQFHUWDLQW\ LV ns >8@, >9@. 
7DEOH1  Timing uncertainty of GPS in One-Way Mode. 
Service Uncertainty 
(ns) 50th percentile 
Uncertainty 
QVı 
Uncertainty 
QVı 
SPS r115 r170 r 
PPS r68 r100 r200 
To achieve uncertainties presented in 7DEOH1 RQH KDV WR FDOLEUDWH UHFHLYHU DQG DQWHQQD GHOD\V DQG
HVWLPDWH V\QFKURQL]DWLRQ HUURUV 7KH DQWHQQD SURYLGLQJ UHOLDEOH SHUIRUPDQFH LQ KDUVK UDGLR IUHTXHQF\
(RF MDPPLQJ HQYLURQPHQWV ZDV FRQQHFted to the receiver and mounted outdoors where it had clear, 
XQREVWUXFWHG YLHZ RI WKH VN\ 7KLV FRQGLWLRQ FDQ EH HDVLO\ VDWLVILHG LQ ODUJHOWFs situated far from 
QDWXUDO EDUULHUV DQG HIIHFWV VXFK DV PXOWLSDWK SURSDJDWLRQ >10@ due to the signal reflection, and high 
dilution of precision (DOP ZKHQ GHWHFWHG VDWHOOLWHV DUH FORVH WRJHWKHU LQ WKH VN\ FDQ EH QHJOHFWHG
Positional accuracy was improved due to the fact that the WTV DQG WKH VXEVWDWLRQ DWGFS OWF are 
situated far from each other and naturally are far from multipath reflectors (see >11@). 
 
Fig. 2  Variation of pulse-per-second signal synchronized with a GPS timestamp using phase-ORFNHGORRS 
It is important to mention that in all location data were acquired using the same DAQs with the same 
sampling rate, so phenomena such as filter delay does not affect the synchronization effectiveness. Also 
RG59/U coaxial FDEOHVZLWKWKHVDPHOHQJWKRI m were used to connect the active GPS antenna with 
WKHWLPLQJDQGV\QFKURQL]DWLRQERDUGZKLFKPHDQVWKHSURSDJDWLRQGHOD\VZHUHWKHVDPH 
Pulse-per-second signal accuracy measured during measurement campaign at Gunfleet Sands OWF is 
shown in Fig. 27KHDFFXUDF\LVHYHQEHWWHUWKDQSURYLGHGE\WKHPDQXIDFWXUHU QVı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4.4. Installation considerations 
The measurement equipment in the ZLQGWXUELQHVLQ$YHG¡UHDQG*XQIOHHW6DQGVZDVLQVWDOOHGLQWKH
EDVHPHQWRIWKHZLQGWXUELQHZKHUHWKHVHUYLFHWHFKQLFLDQVGRQRWUHTXLUHJRLQJRIWHQ,QWKHWUDQVIRUPHU
SODWIRUPWKHPHDVXUHPHQWHTXLSPHQWZDVLQVWDOOHGLQWKH N9VZLWFKJHDUURRPFORVe to the voltage and 
FXUUHQWSUREHV 
It is important to mention, that the installation of the GPS antennas in Avedøre and Gunfleet Sands had 
WREHGRQHLQRSHQVSDFHRXWVLGHWKHZLQGWXUELQHVDQGWKHWUDQVIRUPHUSODWIRUPLQRUGHUWRUHFHLYHWKH
EHVWVLJQDOIURPWKHVDWHOOLWHV1HYHUWKHOHVVWKHPHDVXUHPHQWHTXLSPHQWVKRXOGEHLQVWDOOHGLQGRRULQD
FRQWUROOHGHQYLURQPHQW7KHVH WZRRSSRVLWH UHTXLUHPHQWV IRU WKHHQWLUHPHDVXUHPHQW V\VWHPKDG WREH
fulfilled. 
7KLVZDVVROYHG LQ WKHZLQG WXUELQHV LQ$YHG¡UHDQG*XQIOHHW6DQGVE\ LQVWDOOLQJ WKHGPS antennas 
RXWVLGHWKHWXUELQHWRZHULQ WKHVHUYLFHVWDLUVWRHQWHUWKHZLQGWXUELQHZLWKWKHFRD[LDOFDEOHWKRXJKD
VHUYLFHRSHQLQJLQWKHWXUELQHWRZHU7KLVLVVKRZQLQFig. . The GPS antenna in the transformer platform 
ZDV LQVWDOOHG LQ WKHSODWIRUPXSSHU OHYHO FORVH WR WKH KHOLSDG WR UHGXFH WKHSRVVLELOLW\RI LQWHUIHUHQFH
with high structures. Then, the coaxial FDEOHZDVORZHUHGWKRXJKWKHWUDQVIRUPHUKDOOXQWLO WKHIOH[LEOH
FDEOHVHDOLQJV\VWHPWKDWFRQQHFWVWKHWUDQVIRUPHUKDOOZLWKWKH N9VZLWFKJHar room. This is shown in 
Fig. 4. 
 
Fig.   GPS antenna installed on the service stairs of a wind 
WXUELQHLQ*XQIOHHW6DQGV 
 
Fig. 4  GPS antenna installed on the platform upper level in 
Gunfleet Sands. 
4.5. Measurement system design 
)RU VXFK VSHFLILF PHDVXUHPHQW SXUSRVHV OLNH KDUPRQLF DQG WUDQVLHQW PHDVXUHPHQWV 1DWLRQDO
Instruments (NI) instrumentation was used. The test equipment consists three PXI- FKDVVLVZKLFK
each of them comprises PXI-WLPLQJDQGV\QFKURQL]DWLRQERDUGZLWK7ULPEOH%XOOHW,,,*36DQWHQQD
used to read GPS timestamp, PXI-G\QDPLFVLJQDODFTXLVLWLRQ'6$ERDUGZLWKVHFRQG-order low-
pass anti-aliasing filter >8@ applied in case of harmonic measurements and PXI- PXOWLIXQFWLRQDO
ERDUGXVHGIRUWUDQVLHQWPHDVXUHPHQWV7KHFKDVVLVLVFRQQHFWHGWRDSRUWDEOHFRPSXWHUYLD([SUHVV&DUG
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laptop host. Used MXI-Express remote controller achieves up to 110 MB/s sustained throughput. The 
measurement PC units used for measurements comprise Intel Core 2 Duo T# *+]&38 GB 
#  0+] 5$0 :LQGRZV 9LVWD (QWHUSULVH RSHUDWLQJ V\VWHP 26 DQG 6HDJDWH 67$6
+\EULG-+'' 
7KHIUHTXHQF\EDQGRILQWHUHVWLQFDVHRIWKH harmonic measurements is much lower, than for transient 
PHDVXUHPHQWVVRWKHVDPHSUREHVZHUHXVHGLQERWKFDVHV6XFKGHPDQGLQJIUHTXHQF\UDQJHRILQWHUHVW
GXULQJWKHWUDQVLHQWPHDVXUHPHQWVFUHDWHVDGGLWLRQDOSUREOHPVZLWK(0,+RZHYHUIRUWKHVHOHFWLRn of 
the DSA card for transient measurements, no high frequency components were expected; therefore no 
additional anti-aliasing filtering was provided  
4.6. Sensors 
Precisely selected sensors were used for transient measurement purposes. It was expected to carry out 
measurements with sample rate up to of 2.5 MS/s/ch which requires seQVRUV ZLWK D IODW EDQGZLGWK
 dB) at least up to 1.25 0+]'LIIHUHQWVHQVRUVZHUHXVHGWRPHDVXUHLQWKH/9DQG09LQ$99DQG
GFS. At 0.69 N9 LQ WKH:7s differential voltage sensors were used, while for the 10 N9DQG N9 LQ
$99DQG*)6DFXVWRPPDGHSUREHZDVXVHG7KH$&FXUUHQW5RJRZNLFRLOVLQWKH/9DQG09XVHd in 
AVV and GFS were the same. 
4.6.1. Voltage probes 
SI-GLIIHUHQWLDOYROWDJHVHQVRUVZLWKEDQGZLGWKRI'&-0+]ZHUHXVed in the LV in the WTS. 
In the MV, capacitive voltage sensors installed as “dead-end” T-FRQQHFWRUV ZLWK EDQGZLGWK RI +]-1 
0+]ZHUHLQVWDOOHG7KHVH097-FRQQHFWRUZHUHLQVWDOOHGWRWKH09QHWZRUNDVD³GHDG-end” and the 
phase-to-earth voltage is measured using an end-plug. Since the capacitive end-plug is not normally used 
for precision measurements, an amplifier for precision measurements with high frequency response 
GHYHORSHGE\'(/7$KDVEHHQXVHG>12@. 
4.6.2. Current probes 
,Q RUGHU WRPHDVXUH FXUUHQWV 3RZHUWHN &:7/) DQG&:7/) IOH[LEOH 5RJRZNL FRLOV ZHUH XVHG
ZLWK+]-0+]PLQLPXPEDQGZLGWK7KHFDEOHIURPVHQVRU WR LQWHJUDWRU LVD IL[HG-OHQJWKGRXEOH
VFUHHQHG5*W\SHZKLFKLVVXLWDEOHWREHXVHGin harsh WT electromagnetic environment, as well as in 
the transformer platform. 7KHFDEOHLVUHODWLYHO\ORQJPDQGFDEOHSDUDVLWLFFDSDFLWDQFHLVFRPSHQVDWHG
WR DFKLHYH IODW SHUIRUPDQFH ZLWKLQ WKH EDQGZLGWK $OVR WKH LQWHJUDWRU E\ LWV ORZ-pass filter nature is 
VXLWDEOHWRDWWHQXDWH(0, 
4.7. Sensor installation 
,QWKHZLQGWXUELQHRI$99WKH/9YROWDJHSUREHVZHUHLQVWDOOHGLQWKHDX[LOLDU\VZLWFKERDUG'&$&
converter and DC-OLQNRIWKHZLQGWXUELQH7KH/9FXUUHQWSUREHVZHUHLQVWDOOHGRQWKHRXWSXWWHUPLQals 
of the DC/AC convert, DC-OLQNDQG/9VLGHRIWKH:7WUDQVIRUPHU7KH09YROWDJHDQGFXUUHQWSUREHV
in the WTs were installed in the WT transformer side of the VCB. 
The measuring locations within the collection grid of GFS were the transformer platform, the first 
WXUELQHRID UDGLDODQG WKH ODVW WXUELQHRI WKHVDPHUDGLDO:LWKLQ WKH:7V WKH/9YROWDJHDQGFXUUHQW
SUREHVZHUHLQVWDOOHGLQWKHDX[LOLDU\VZLWFKERDUG7KH09YROWDJHDQGFXUUHQWSUREHVLQWKH:7VZHUH
installed in the transformer side of thH9&%ZKLOHLQWKHVXEVWDWLRQWKHYROWDJHDQGFXUUHQWSUREHVZHUH
LQVWDOOHGLQWKHFDEOHVLGHRIWKH9&%RIWKHUDGLDO 
,Q$99DQG*)6WKHPHDVXUHPHQWHTXLSPHQWZDVLQVWDOOE\SURIHVVLRQDOHOHFWULFLDQVDQGWHVWHGDIWHU
the installation was complete. In general all the sensitive measurement equipment was installed inside the 
(0&ER[ZKHQSRVVLEOH 
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4.8. DAQ  
'LIIHUHQW W\SH RI QRLVH FDQ DIIHFW WKH RYHUDOO PHDVXUHPHQW SURFHVV 7KH ILUVW W\SH NQRZQ DV
differential mode (DM) noise, is propagated out one wire and other wire carries noise exactly equal and 
RSSRVLWH'0QRLVHDPSOLWXGHVDUHXVXDOO\PLQLPDODERYH0+]EHFDXVHOLQH-to-line or line-to-ground 
capacitance and wiring inductance tend to filter this type noise >2@. The other type of conducted noise, 
common mode (CM) noise, travels in the same direction iQERWKZLUHVDQGUHWXUQV WKURXJK WKHJURXQG
&0QRLVH UHTXLUHV D GLIIHUHQW W\SH ILOWHU&0 ILOWHUV DUHXVXDOO\&0FKRNHV6XFK FKRNH UHOLHV RQ WKH
PDJQHWLFSURSHUWLHVRIIHUULWHFRUHVWRDEVRUE&0QRLVHDQGZHUHXVHGGXULQg measurements as presented 
in >@. 
During measurements carried out in the WFs dynamic signal acquisition (DSA) cards with two-pole 
low-SDVV %XWWHUZRUWK ILOWHU ZHUH XVHG 7DNLQJ LQWR FRQVLGHUDWLRQ1WK-order Butterworth filter one can 
GHVFULEHLWLQWHUPVRIHQHUJ\VSHFWUDVTXDUHGPDJQLWXGHZKLFKKDVIRUP 
|+(Ȧ)|2= 1
1+(Ȧ ȦcΤ )2N (1) 
where Ȧc is -G%FXW-off frequency. The Butterworth approximation of ideal low-pass filter has only 
poles (i.e. no finite zeros) and yields a maximally flat response around zero and infinity. This 
DSSUR[LPDWLRQLVDOVRFDOOHGPD[LPXPIODWPDJQLWXGH0)07KLVIHDWXUHEHFRPHVH[WUHPHO\LPSRUWDQW
LQFDVHRIKDUPRQLFPHDVXUHPHQWVZKHUHHDFKIUHTXHQF\ZLWKLQSDVVEDQGKDVWREH filtered in the same 
way >14@. 
4.9. Noise consideration 
Different type of noise can affect the overall measurement process. 7KH ILUVW W\SH NQRZQ DV
differential mode noise, is propagated out one wire and other wire carries noise exactly equal and 
opposite. Differential mode noise amplituGHV DUH XVXDOO\PLQLPDO DERYH 0+] EHFDXVH OLQH-to-line or 
line-to-ground capacitance and wiring inductance tend to filter this type noise >2@. The other type of 
FRQGXFWHGQRLVHFRPPRQPRGHQRLVHWUDYHOVLQWKHVDPHGLUHFWLRQLQERWKZLUHVDQGUHWXUQVWKURXJKWKH
ground. Common mode noise, requires a different type filter. Common mode filters are usually common 
PRGHFKRNHV6XFKFKRNHUHOLHVRQWKHPDJQHWLFSURSHUWLHVRIIHUULWHFRUHVWRDEVRUEFRPPRQPRGHQRLVH
and were used during measurements as presented in Fig. 5 >@. 
A/D
Analog-to-digital 
converter
Analog 
lowpass filter
Differential 
buffer
Common-
mode choke
CH0
0.1 ȝF 50 ȍ 0.1 ȝF
1 Mȍ
 
Fig. 5  1DWLRQDO,QVWUXPHQWVGDWDDFTXLVLWLRQERDUGDQDORJEORFNGLDJUDP 
4.10. Cross-talk 
&URVVWDON LV REVHUYHG ZKHQ LQ D GDWD DFTXLVLWLRQ GHYLFH VLJQDO WUDQVPLWWHG RQ RQH FKDQQHO FUHDWHV
unwanted effectVLQDQRWKHUDGMDFHQWFKDQQHO&URVVWDONLVPRVWO\DIIHFWHGE\XQGHVLUHGFRXSOLQJEHWZHHQ
QHLJKERULQJ FKDQQHOV ,Q WKHRU\ HDFKRI DQDORJ LQSXWV LQPHDVXUHPHQW V\VWHP VKRXOG H[KLELW QRUPDOO\
GLVWULEXWHGQRLVHGXULQJRSHQFLUFXLWPHDVXUHPHQWV,QFDVHRIFURVVWDONDGGLWLRQDOKDUPRQLFFRPSRQHQW
FDQEHREVHUYHGLQPHDVXUHPHQWV 
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,QZLQG WXUELQHPHDVXUHPHQWV WKH IXQGDPHQWDO FRPSRQHQW VKRXOGEH WKHPRVW VLJQLILFDQW KDUPRQLF
VHHQ GXH WR FURVVWDON LQ DGMDFHQW FKDQQHOV1RUPDOO\PDQXIDFWXUHUV RI GDWD DFTXLVLWLRQdevices should 
provide in specification parameters associated with this phenomenon. 
4.11. *36V\QFKURQL]DWLRQ 
$V PHQWLRQHG EHIRUH D 3;,- WLPLQJ DQG V\QFKURQL]DWLRQ ERDUG ZLWK 7ULPEOH %XOOHW ,,, *36
antenna was used in each measurement location to read GPS timestamp. During the offshore 
measurement, the receivers provide a 1 pps on-time pulse. The GPS receiver is limited to using SPS, 
which has 50 SUREDELOLW\WKDWDJLYHQRQ-time pulVHIURP*36ZLOOEHZLWKLQ ns of UTC. ThHı
uncertainty of GPS is ±170 ns, DQGWKHıXQFHUWDLQW\LV ns >8@. 
4.12. EMC box 
7KH(0&ER[XVHGIRULQWKHWKUHHPHDVXUHPHQWORFDWLRQVDUHVWDQGDUG(0&HQFORVXUHW\SH$(IURP
5LWWDO$6ZLWKWKHGLPHQVLRQV[[ PP:[+['). At 1 0+]WKHHOHFWULFDOILHOGDWWHQXDWLRQ for 
this enclosure type is 100dB and 45dB of magnetic attenuation.  
7KH(0&ER[HVDUHPDGHIURPVWHHOVKHHWVZLWKaluminum zinc coating, and powdered coated in RAL 
 RQ WKH RXWVLGH $GGLWLRQDOO\ DQ (0& ILOWHr-IDQ V\VWHP ZDV LQVWDOOHG LQ WKH ER[HV WRPDLQWDLQ D
FRQVWDQW WHPSHUDWXUH LQVLGH WKH ER[ VLQFH WKH\ UHPDLQHG FORVHG GXULQJ WKH PHDVXUHPHQWV 7KH (0&
filter-IDQV\VWHPSURYLGHGDFRQVWDQWDPELHQWWHPSHUDWXUHE\FRQWLQXRXVIRUFHGDLUFRROLQJEHFDXVHLIWKH 
DPELHQW WHPSHUDWXUHVXUURXQGLQJ WKH'$4ERDUGGLIIHUV IURPWKHFDOLEUDWLRQ WHPSHUDWXUHE\PRUH WKDQ
±5&WKHUHVXOWVFDQEHGLVWXUEHGDQGLWLVUHFRPPHQGHGWRUHFDOLEUDWHWKH'$4ERDUG 
To supply all the measurement equipment a 25 A filter was mounted in WKH (0& ER[ $OO WKH
PHDVXUHPHQW HTXLSPHQWZDV JURXQGHG WR WKH FHQWUDO HDUWKLQJSRLQW LQVLGH WKH(0&ER[ DQG WKLVZDV
further grounded in each measurement location. 
,W ZDV GHFLGHG WRPDNH D  FP KROH RQ RQH VLGH RI WKH (0& ER[ WR EH DEOH WR FRQQHFW GLIIHrent 
HTXLSPHQWRXWVLGHWKH(0&ER[)LQDOO\LWZDVFDOFXODWHGWKDWWKH(0,IURPWKHPHDVXUHPHQWV\VWHPWR
WKHSRZHU V\VWHPFRXOGEH LJQRUHG VLQFH WKH'$4 LQSXW LPSHGDQFH LV  0 WKHUHIRUH HQHUJ\GUDZQ
IURPVHQVRUVORDGLQJHUURUFRXOGEHQHJOHFWHG 
Fig. 6 VKRZVWKH(0&ER[LQVWDOOHGLQWKHWUDQVIRUPHUSODWIRUP7KH1,FKDVVLV(0&IDQ(0&ILOWHU
SRZHUVXSSO\FXUUHQWSUREHVDQG836FDQEHVHHQ 
 
Fig. 6  (0&ER[LQVWDOOHGLQWKHWUDQVIRUPHUSODWIRUPDW*XQIOHHW6DQGV2IIVKRUH:LQG)DUP 
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4.13. Measurement uncertainties 
3UHFLVLRQ DQG DFFXUDF\ DUH WHUPV XVHG WR GHVFULEH V\VWHPV DQG PHWKRGV WKDW HVWLPDWH PHDVXUH RU
predict. The method provides a meaVXUHG YDOXH ZKLFK LV ZDQWHG WR EH DV FORVH WR WKH WUXH YDOXH DV
SRVVLEOH3UHFLVLRQDQGDFFXUDF\DUHZD\VRIGHVFULELQJWKHHUURUWKDWFDQH[LVWEHWZHHQWKHVHWZRYDOXHV
>15@, >16@. 
xx
f(x)
Accuracy
Precision
high precision
low precision
x0
 
Fig. 7  $FFXUDF\LQGLFDWHVSUR[LPLW\RIPHDVXUHPHQWUHVXOWVWRWKHWUXHYDOXHSUHFLVLRQWRWKHUHSHDWDELOLW\RUUHSURGXFLELOLW\RIWhe 
measurement. 
Poor precision results from random errors while poor accuracy results from systematic errors and is 
XVXDOO\ GHSHQGHQW RQ KRZ WKHPHDVXUHPHQW HTXLSPHQW LV FDOLEUDWHG (see Fig. 7). While random errors 
occur instantaneously, in the course of the measurements, the actual values of systematic errors are 
SUHGHWHUPLQHGEHIRUHWKHPHDVXUHPHQWVJHWVWDUWHG7KHUHIRUHLWLVRIJUHDWLPSRUWDQFHWREHFHUWDLQDERXW
SRVVLEOH V\VWHPDWLF HUURUV EHIRUH Peasurement process is started in order to compensate errors and 
LPSURYH WKH DFFXUDF\ 5DQGRP HUURUV KDYH WR EH DWWULEXWHG WR VPDOO IOXFWXDWLRQV RI HVWLPDWHG YDOXHV
ZKLFKDIIHFWWKHPHDVXULQJSURFHVVDQGSURYHWREHXQFRQWUROODEOH$FFRUGLQJWRH[SHULHQFHthe random 
errors of stationary experimental set-XSV PD\ EH FRQVLGHUHG DW OHDVW LQ UHDVRQDEOH DSSUR[LPDWLRQ WR
IROORZDQRUPDOSUREDELOLW\GLVWULEXWLRQ'XH WR IDFW WKDW LW LVQRWD VWUDLJKW IRUZDUG WDVN WRXQGHUVWDQG
these phenomena in detail, some guidance in the central limit theorem of statistics >17@ FDQ EH IRXQG
$FFRUGLQJ WR WKLV ORRVHO\ VWDWHG WKH VXSHUSRVLWLRQ RI VXIILFLHQWO\ PDQ\ VLPLODU UDQGRP SHUWXUEDWLRQV
WHQGVWRDQRUPDOGLVWULEXWLRQ>18@. 
$ UDQGRP YDULDEOH LV VDLG WR EH QRUPDOO\ GLVWULEXWHGZLWK SDUDPHWHUV ȝ DQG ı2 DQG FDQ EHZULWWHQ
;a1ȝı2LILWVSUREDELOLW\GHQVLW\IXQFWLRQLV>19@, >20@ 
f(x)= 1
ξʌı
e-(x-ȝ)2 2ı2Τ , -[ (2) 
3UHFLVLRQRIWKHPHDVXUHPHQWDQGLVH[SUHVVHGE\TXRWLQJVWDQGDUGGHYLDtion, or signal-to-noise ratio. 
If a measurement with true random error is repeated DODUJHQXPEHURIWLPHV LWZLOOH[KLELWD*DXVVLDQ
GLVWULEXWLRQ 0RUH SUHFLVHO\ VD\LQJ LI ;1, X2, …, Xn is a sequence of independent and identically 
GLVWULEXWHG,,'UDQGRPYDULDEOHVZLWKPHDQȝDQGILQLWHSRVLWLYHYDULDQFHı2. If Sn=X1+…+Xn, then 
Zn=
Sn-nȝ
ıξn
 (3) 
7KH FHQWUDO OLPLW WKHRUHP &/7 VWDWHV WKDW DV WKH VDPSOH VL]H Q LQFUHDVHV WKH GLVWULEXWLRQ RI WKH
sample average of Xi DSSURDFKHV WKH QRUPDO GLVWULEXWLRQ LUUHVSHFWLYH RI WKH VKDSH RI WKH FRPPRQ
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GLVWULEXWLRQ RI WKH LQGLYLGXDO WHUPV;i. Random YDULDEOHVZLOO FRQYHUJH LQ GLVWULEXWLRQ WR WKH VWDQGDUG
QRUPDOGLVWULEXWLRQ1DVQDSSURDFKHVLQILQLW\1LVWKXVWKHDV\PSWRWLFGLVWULEXWLRQRI=n >21@ 
The precision of the measurement is norPDOO\TXDQWLILHGE\WKHVWDQGDUGGHYLDWLRQıWKDWLQGLFDWHVWKH
ZLGWK RI WKH *DXVVLDQ GLVWULEXWLRQ *LYHQ D ODUJH QXPEHU RI PHDVXUHPHQWV D WRWDO RI   RI WKH
PHDVXUHPHQWVZLOO IDOOZLWKLQıRI WKHPHDQ, 95 ZLOO IDOOZLWKLQıDQG % will fall within 
ı7KHVPDOOHUWKHVWDQGDUGGHYLDWLRQLVWKHPRUHSUHFLVHWKHPHDVXUHPHQWVDUH 
4.14. Noise consideration 
Signal-to-noise ratio >22@ LVGHILQHGDVWKHSRZHUUDWLREHWZHHQDVLJQDODQGWKHEDFNJURXQG noise 
SNRdB=10 log10 ൬
Psignal
Pnoise
൰=10 log10 ൬
Asignal
Anoise
൰
2
=20 log10 ൬
Asignal
Anoise
൰ (4) 
Before signal as meaningful information is logged it is also recommended to measure input noise level 
on order to assess the measurement precision >@. 
5. Results 
If during measurements the transfer of electromagnetic energy from source (emitter) equipment, which 
in a WT is the main power circuit, through a coupling path to a receptor (receiver), which is the 
measurement equipment, an EMI occurs. 
5.1. Cross-talk measurements 
Before any measurements are carried out it is recommended to perform test of EMI in the 
environment. Also in case of offshore measurements such test measurement s were done. The first step is 
to perform open ciUFXLWPHDVXUHPHQWVLQWKHILHOGDQGFRPSDUHZLWKODERUDWRU\H[SHFWDWLRQV$FFRUGLQJ
WRFHQWUDOOLPLWWKHRUHPRQHVKRXOGH[SHFWQRUPDOO\GLVWULEXWHGQRLVHLQRSHQFLUFXLWPHDVXUHPHQWs. As it 
FDQEHVHHQIURPFig. 8 and Fig. 9 RSHQFLUFXLWPHDVXUHPHQWVSHUIRUPHGLQWKHODERUDWRU\DUHQRUPDOO\
GLVWULEXWHG 
 
Fig. 8  2SHQFLUFXLWPHDVXUHPHQWFDUULHGRXWLQWKHODEDQGQRUPDOO\GLVWULEXWHGKLVWRJUDP 
0 0.02 0.04 0.06
-2
-1
0
1
2
x 10
-4
7LPH>V@
$
P
SO
LWX
GH
>9
@
-2 0 2
x 10
-4
0
500
1000
1500
$PSOLWXGH>9@
Fr
eq
ue
nc
y
 Łukasz Hubert Kocewiak et al. /  Energy Procedia  24 ( 2012 )  212 – 228 223
 
Fig. 9  Open circuit measurements estimated spectrum and lag plot. 
3OHDVH QRWH WKDW WKH FURVVWDON IRU DGMDFHQW FKDQQHOV LV ORwer than -80dB in used for harmonic 
PHDVXUHPHQW G\QDPLF VLJQDO DFTXLVLWLRQ ERDUG IURP 1DWLRQDO ,QVWUXPHQWV LH 3[L- 7DNLQJ LQWR
consideration cross-WDONIURPDGMDFHQWFKDQQHOVDGGLWLRQDOKDUPRQLFFRPSRQHQWVFDQEHVHHQDWWKHWRSRI
Gaussian noise. Cross-WDONPHDVXUHPHQWVFDQEHVHHQLQFig. 10 and Fig. 11. 
 
Fig. 10  Open circuit measurements with cross-WDONFDUULHGRXWLQWKHODE 
 
Fig. 11  Open circuit measurements with cross-WDONHVWLPDWHGVSHFWUXPDQGODJSORW 
5.2. Converter interference 
7KHPRVW OLNHO\ VFHQDULR IRU LQFRPSDWLELOLW\RFFXUVZKHQ D UHODWLYHO\KLJKSRZHUFLUFXLW LHSRZHU
converter) is located near a very sensitive receptor (e.g. sensorV FDEOHVPHDVXULQJ KHDG XQLW >2@, >@. 
Switch-PRGH KLJK SRZHU GHQVLW\ FRQYHUWHUV FRPPRQO\ XVHG LQ QRZDGD\V ZLQG WXUELQHV DUH SRWHQWLDO
generators of EMI due to the switching action of the converter The switching action generates a spectrum 
of the switching frequency and its harmonics. The main noise sources of switching frequency harmonics 
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DUH WKH VZLWFKHG FXUUHQWV DQG WKH FRPPXWDWLQJ GLRGH 7KLV QRLVH LV D FRPELQDWLRQ RI WKH VZLWFKLQJ
frequency and its associated rise time (approximately 100 QV DQG WXUQ RQ VSLNHV FDXVHG E\ WKH GLRGH
UHFRYHU\FXUUHQW7KLVUHFRYHU\FXUUHQWVSLNHRFFXUVDWWKHHQGRIDGLRGHFRQGXFWLRQF\FOHZKHQUHYHUVH
YROWDJHLVMXVWDSSOLHGE\WKHWUDQVLVWRU >2@. 
 
Fig. 12  (VWLPDWHGVSHFWUXPRIRSHQFLUFXLWFKDQQHOGXULQJZLQGWXUELQHSURGXFWLRQWRSDQGGXULQJQRWVZLWFKLQJRSHUDWLRQ
ERWWRP. 
Fig. 12 presents estimated spectrum of measured open circuit channel. When the grid-side converter is 
RSHUDWLQJ LH ZLQG WXUELQH LV SURGXFLQJ LW LV SRVVLEOH WR VHH VSHFWUXP DIIHFWHG E\ WKH FRQYHUWer 
modulator. It is worth to emphasize that the interference is much more significant than the noise level. 
:KHQ WKH ZLQG WXUELQH LV QRW SURGXFLQJ DQG WKH JULG-side converter is shut-GRZQ RQO\ FURVVWDON
phenomenon as presented in Fig. 10 FDQEHREVHUYHG 
,QERWKFig. 12 as well as Fig.  WKHIXQGDPHQWDOFRPSRQHQWLQWHUIHUHQFHFDQEHHDVLO\REVHUYHG,WLV
due to the fact that in the QHLJKERULQJ analog input voltage channel the voltage at the converter AC 
terminals is measured. In that case the fXQGDPHQWDO FRPSRQHQW LV DYDLODEOH LQ FDVH RI ZLQG WXUELQH
SURGXFWLRQDQGLQFDVHRILWVVZLWFKRII:KHQWKHZLQGWXUELQHLVVKXWGRZQWKHJULGYROWDJHLVPHDVXUHG
ZKLFK FRPSULVHV WKH JULG IXQGDPHQWDO IUHTXHQF\ DV ZHOO DV IHZ VLJQLILFDQW EDVHEDQG KDUPRQLF
cRPSRQHQWV 6XFK SKHQRPHQRQ FDQ EH HDVLO\ VHHQ IURP PXOWL-resolution time-frequency analysis 
presented in Fig. . 
Time-frequency representation of measured continuous-time signals achieved using continuous 
wavelet transform is presented in Fig. . In order to analyze measured signal which statistics vary in 
WLPHDQGH[KLELWVVRPHoscillations non-RUWKRJRQDOFRPSOH[0RUOHWPRWKHUZDYHOHWEDVHZDVXVHG7KH
figure shows how different frequency components affects measured open circuit channel from the 4472 
GDWD DFTXLVLWLRQ ERDUGZRUNLQJ LQVLGH WKH ZLQG WXUELQH ,W FDQ EH VHHQ WKDW ZLWhin the first period (0-
0.14 VWKHZLQGWXUELQHLVSURGXFLQJDQGIUHTXHQF\FRPSRQHQWVDURXQG N+]DQG N+]JHQHUDWHGE\
the modulator of the grid-VLGH FRQYHUWHU FDQ EH HDVLO\ REVHUYHG /DWHU WKH :7 LV VWRSSHG DQG RQO\
KDUPRQLFVDIIHFWHGE\WKHH[WHUQDOQHWZRUNFDQEHPHDVXUHG 
7KHFKDQQHOZDVPHDVXUHGE\6,-YROWDJHGLIIHUHQWLDOSUREHZKLFKIXOOVFDOH)6UDQJHLV V 
and input voltage differential range is ±700 9$VLWFDQEHVHHQIURPFig.  (top) the measured noise is 
less than 1 RI)6DQGGRHVQRWDIIHFWPHDVXUHPHQWVVLJQLILFDQWO\6WLOOLWKDVWREHHPSKDVL]HGWKDWWKH
interference is much higher when the power electronic equipment of the main power circuit in the WT is 
LQRSHUDWLRQ1RUPDOO\RSHQFLUFXLWPHDVXUHPHQWVSHUIRUPHG LQ ODERUDWRU\FRQGLWLRQVDUHYHU\FORVH WR
*DXVVLDQ GLVWULEXWLRQ $GGLWLRQDOO\ LW KDV WR EH HPSKDVL]HG WKDW WKH FURVVWDON IRU DGMDcent channels is 
lower than -80 dB and the idle channel noise for applied sample rate (44.1 N6VLV-94 dBVmax. 
The width of a wavelet function is defined here as the e-folding time of the wavelet amplitude and for 
0RUOHW ZDYHOHW EDVLV IXQFWLRQ LV HTXDO WR ¥V ZKHUH V LV D ZDYHOHW VFDOH 7KH EODFN OLQH LQ Fig.  
0 5000 10000 15000
10
-5
10
0
A
m
p
lit
u
d
e 
[V
]
0 5000 10000 15000
10
-10
10
-5
10
0
Frequency [Hz]
A
m
p
lit
u
d
e 
[V
]
 Łukasz Hubert Kocewiak et al. /  Energy Procedia  24 ( 2012 )  212 – 228 225
LQGLFDWHVFRQHRILQIOXHQFH&2,UHJLRQRIWKHZDYHOHWVSHFWUXPLQZKLFKHGJHHIIHFWVEHFDPHLPSRUWDQW
as the e-folding time for each at each scale >24@. 
 
Fig.   &RQWLQXRXVZDYHOHWWUDQVIRUPVKRZLQJHOHFWURPDJQHWLFLQWHUIHUHQFHLQWKHZLQGWXUELQH 
)URPPHDVXUHPHQWVLWFDQEHVHHQWKDWVLJQDO-to-noLVHUDWLRZKLFKLVGHILQHGE\(TLVVLJQLILFDQWIRU
higher frequencies. Some estimated signal-to-noise ratios around certain frequencies (i.e. carrier groups) 
LQZLQGWXUELQHPHDVXUHPHQWVDUHSUHVHQWHGLQ7DEOH2. 
7DEOH2  Estimated signal-to-noise ratios around carrier groups in measured output voltage of the grid-side converter 
Carrier group )UHTXHQF\>+]@ 9DOXH>G%@ 
1 2500 55 
2 5000 48 
 7500 48 
4 1000  
5 12500  
7KLV VKRZV WKDW WKH DQDO\VLV RI IUHTXHQF\ FRPSRQHQWV DERYH  N+] FDQ SURYLGH LQDFFXUDWH UHVXOWV
7KLV DOVR LQGLFDWHV WKDW VDPSOH UDWH DERYH  N6VFK LV QRW QHFHVVDU\ IRU ORQJ-term harmonic 
measurements. Please note that in practice the noise level in the estimated spectrum is also strongly 
dependent on the window length of analyzed signal. 
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5.3. Transient measurements V\QFKURQL]DWLRQ in AVV 
6RPHRIWKHWUDQVLHQWPHDVXUHPHQWVGXULQJWKHVZLWFKLQJLQRIWKH9&%LQWKH$99ZLQGWXUELQHDUH
shown in Fig. 14. In this figure the voltage and current on the MV side of the transformer are shown, as 
ZHOO DV WKH /9 VLGH YROWDJH ,W LV SRVVLEOH WR VHH LQ WKLV ILJXUH WKH KLJK IUHTXHQF\ YROWDJH RVFLOODWLRQ
FDXVHGE\ WKHSUH-VWULNH LQ WKH9&% WKDW LV WUDQVIHU WR WKH/9VLGHDVZHOO DV WKH LQUXVKFXUUHQWRI WKH
transformer. 
7KH9&%PRGHOYDOLGDWLRQDVZHOODV WKHZLQG WXUELQH WUDQVIRUPHUDQGH[WHUQDOJULGYDlidation has 
EHHQUHSRUWHGLQ>25@. 
 
Fig. 14  Measured three-phase voltages and FXUUHQWVGXULQJWKHFORVLQJRSHUDWLRQRIWKH099&%LQWKHZLQGWXUELQHRI$99IURP
195 to 215 ms. The voltage on the primary side of the transformer is shown in the top, the current on the primary side of the 
transformer. 
5.4. Transient measurements synchroni]DWLRQLQ*)6 
'XH WRPDLQWHQDQFH LQ ODUJHRIIVKRUHZLQG IDUPV WKH099&% LQ WKHRIIVKRUH VXEVWDWLRQFRXOGEH
operated several times a year. These normal switching operations would cause transient overvoltages in 
the collection grid that will move along the energized radials. Such transient overvoltages were measured 
in GFS during the measurement campaign. 
7KHPHDVXUHGYROWDJHVLQWKHRIIVKRUHVXEVWDWLRQ26DQGWKHODVWWXUELQHLQDUDGLDO)GXULQJWKH
HQHUJL]DWLRQRIDFDEOHFRQQHFWHGSDUDOOHOWRWKH measured radial is shown in Fig. 15+HUHLWLVSRVVLEOHWR
VHHKRZDYROWDJHGLSDQGDVPDOOYROWDJHWUDQVLHQWDUHPHDVXUHGLQWKHWKUHHSKDVHVDQGERWKORFDWLRQV
7KHYROWDJHGLSLVFDXVHGDIWHUWKHFDEOHFRQQHFWLRQOHIWVXESORWZKLOHWKHVPDOOYROWDJHWUDQVLHQWRQWRS
RIWKHYROWDJHGLSULJKWVXESORW LVFDXVHGE\WKH9&%RSHUDWLRQLQWKHRIIVKRUHZLQGIDUPVXEVWDWLRQ
This small voltage transient appears first LQWKHRIIVKRUHVXEVWDWLRQDW ms, and then travels for 22 μs to 
WKHODVWWXUELQHLQWKHUDGLDO)DQGILQDOO\EDFNWRWKHRIIVKRUHVXEVWDWLRQ7KH μs corresponds to the 
WUDYHOOLQJ WLPH WKH YROWDJHZDYHZRXOG WDNH WR WUDYHO IURP WKH RIIVKRUH VXEVWDWLRQ WRZLQG WXUELQH )
EDVHGRQWKHGLIIHUHQWFDEOHV¶SDUDPHWHUVDQGOHQJWKV 
The measured travelling speed of the voltage wave, corresponds half the speed of light, reported 
SUHYLRXVO\E\VLPLODUVZLWFKLQJRSHUDWLRQVUHFRUGHGLQNysted offshore wind farms >12@. 
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Fig. 15  Measured three-SKDVHYROWDJHVGXULQJWKHHQHUJL]DWLRQRIDSDUDOOHOFDEOHLQ*)6IURPWRPV7KHWKUHH-phase 
YROWDJHVRQWKHRIIVKRUHVXEVWDWLRQ26DQGWKHODVWZLQGWXUELQHLQWKHUDGLDO)DUHVKRZQLQWKHOHIWVXESORWZKLOHD]RRPLQRQ
HDFKLQGLYLGXDOSKDVHLVVKRZQLQWKHWKUHHULJKWVXESORWV 
6. Discussion 
During the removal of the measurement equipment in GFS, after 8 months of measurements, it was 
noticed that one of the GPS antennas was damaged. The antenna presented high level of corrosion in the 
PHWDOOLFORZHUSDUWRIWKHDQWHQQD2QO\WKHDQWHQQDLQRQHRIWKHZLQGWXUELQHVSUHVHQWHGWKLVFRUURVLRQ 
Due to this deterioration WKHFRD[LDOFDEOHFRQQHFWHG WR WKHDQWHQQDZDVDOVRGDPDJHGDQGKDG WREH
repaired afterwards. The metallic part of the antenna was simply cleaned. The damage in the antenna 
FOHDUO\VKRZVWKHKDUVKHQYLURQPHQWWRZKLFKWKHRIIVKRUHZLQGWXUELQHVDUHVXEMHFWHG,QSUDFWLFHWKLVLV
VROYHGE\FDUHIXOO\LVRODWLQJWKHHTXLSPHQWLQVLGHWKHWXUELQHWRZHUIURPWKHRIIVKRUHHQYLURQPHQW 
Electromagnetic interference during measurements in offshore wind farms is an important issue and 
requires special considerations. It was shown that grid-VLGHFRQYHUWHUVLQZLQGWXUELQHVFDQEHVLJQLILFDQW
VRXUFHV RI SRVVLEOH LQWHUIHUHQFH GXULQJ PHDVXUHPHQWV ,Q FDVH RI KDUPRQLF PHDVXUHPHQWV ZKHUH
frequency components of amplitude around 2 % of the nominal fundamental value are analyzed, 
appropriate attenuation of interference distortions is crucial. 
,W ZDV VKRZQ WKDW GHDOLQJ ZLWK GLIIHUHQW W\SH RI LQWHUIHUHQFH FDQ E\ PHDQV RI DSSURSULDWH GDWD
DFTXLVLWLRQ V\VWHP DGMXVWPHQW VKLHOGLQJ LH FRD[LDO FDEOHV (0&-SURRI ER[ VHQVRUV DGMXVWPHQW DQG
ILOWHULQJ 2I FRXUVH VRPHWLPHV LW LV GLIILFXOW LI HYHQ LPSRVVLEOH WR SHUIHFWO\ DWWHQXDWH XQZDQWHG
HOHFWURPDJQHWLFFRXSOLQJ ,Q WKDWFDVHDSSURSULDWH LQWHUIHUHQFHDVVHVVPHQW LVQHHGHGZKLFKFDQEH ODWHU
WDNHQLQWRFRQVLGHUDWLRQGXULQJGDWDSrocessing and analysis. 
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